Hypervariable segments of the control region of mtDNA as well as part of the cytochrome b gene of Dunlins were amplifed with PCR and sequenced directly. The 910 base pairs (bp) obtained for each of 73 individuals complete another of the few sequencing studies that examine the global range of a vertebrate species. A total of 35 types of mtDNA were detected, 33 of which were defined by the hypervariablecontrol-region segments. Thirty of the latter were specific to populations of different geographic origin in the circumpolar breeding range of the species. The remaining three types indicate dispersal between populations in southern Norway and Siberia, but female-mediated flow of mtDNA apparently is too low to overcome the effects of high mutation rates of the control-region sequences, as well as population subdivision associated with historical range disjunctions. A genealogical tree relating the types grouped them into five populations:
control-region segments. Thirty of the latter were specific to populations of different geographic origin in the circumpolar breeding range of the species. The remaining three types indicate dispersal between populations in southern Norway and Siberia, but female-mediated flow of mtDNA apparently is too low to overcome the effects of high mutation rates of the control-region sequences, as well as population subdivision associated with historical range disjunctions. A genealogical tree relating the types grouped them into five populations:
Alaska, West Coast ofNorth America, GulfofMexico, western Europe, and the Taymyr Peninsula. The Dunlin is thus highly structured geographically, with measures of mutational divergence approaching 1.0 for fixation of alternative types in different populations. High diversity of types within populations as well as moderate long-term effective population sizes argue against severe population bottlenecks in promoting this differentiation. Instead, population fragmentation in Pleistocene refuges is the most plausible mechanism of mtDNA differentiation but at a much earlier time scale than suggested previously with morphometric data.
The amplification and direct sequencing of highly polymorphic regions of mtDNA provide a potentially rich source of variation at the nucleotide level for determining the molecular population structure within species and the phylogeny of intraspecific lineages. mtDNA is the molecule of choice for such studies because it is nonrecombining and maternally inherited (but see ref. 1 ) and has a high average rate of evolution. Analyses of sequence variation of the human mtDNA genome, for example, have shown that the noncoding control region harbors the most variability (2) (3) (4) (5) and that this variation is located principally in two hypervariable segments (6, 7) . In this paper we report the nucleotide sequences ¶ of two hypervariable segments of the control region of73 individual Dunlins and contrast these results with those from a segment of the more slowly evolving cytochrome b gene. We demonstrate that these mtDNA segments can not only elucidate the population genetic structure of this long-distance migrant shorebird over much of its circumpolar breeding range in the arctic tundras of the Northern Hemisphere but also can distinguish subpopulations within composite flocks of birds at more southerly wintering sites or during migration. Additionally, gene flow between populations of breeding birds can be readily detected and quantified.
The Dunlin is among the most polytypic species of highly vagile shorebirds, with up to nine subspecies recognized on the basis of variation in plumage and external measurements (8) 4) and California (n = 5), and 16 in Texas (n = 13) and Florida (n = 3). The Texas and Florida birds are part of a population breeding around Hudson Bay in Canada (10) . Three breeding birds were sampled in Iceland, blood from 17 more was obtained in the Hardangervidda region of southern Norway, and also from 14 birds captured at their breeding sites in the Taymyr Peninsula in northern Russia. Six wintering birds were also sampled in western Europe, four in the German Waddensea, and two in the Dutch Waddensea.
Amplication and e cof mtDNA. Template mtDNAs used in subsequent amplifications were either purified from liver with two CsCl gradient ultracentrifugations using conditions as described in ref. 11 or were isolated as total DNA extracted from whole blood with standard procedures (12) . For both the control region and the cytochrome b gene, 0.5 ng of purified mtDNA or 0.5 ,ug of total DNA was subjected to 30 cycles of amplification in a thermal cycler (Perkin-Elmer/ Cetus) to produce double-stranded mtDNA. Single-stranded tTo whom reprint requests should be addressed.
1The sequences reported in this paper have been deposited in the GenBank data base (accession nos. L06721-L06755).
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. templates suitable for sequencing were then generated by using asymmetric amplification (13) of the light strand in a 60-Al reaction volume with 1 unit of AmpliTaq DNA polymerase (Perkin-Elmer/Cetus). The two segments of the control region (I and II) and the cytochrome b segment were amplified separately for 40 and 35 cycles, respectively, using the following temperature profile: 930C for 1 min, 570C for 1 min, and 720C for 1.5 min. Based on the cloned control-region sequence of a Turnstone (Arenaria interpres) (unpublished data) and its homology to the published chicken (Gallus domesticus) sequence (14) , we designed two sets ofprimers to amplify the hypervariable segments: control region I, L98 (5'-GCATGTAATTTGGGCATTTTTTG-3') and H401 (5'-GTGAGGAGTCCGACTAATAAAT-3'), control region II, L438 (5'-TCACGTGAAATCAGCAACCC-3') and H772 (5'-AAACACTTGAAACCGTCTCAT-3'). L and H refer to the light and heavy strands, respectively, and the numbers refer to the base at the 3' end of the primer in the chicken mtDNA sequence (14) . These primers amplified respective internal segments of 302 and 313 base pairs (bp) in the control region. To amplify a 307-bp internal fragment of the cytochrome b gene we used the primers in ref. 15 . All amplified products were purified by selective isopropanol precipitation (16) . Sequencing of single-stranded DNA was done by using a Sequenase kit (United States Biochemical) and 2'-deoxyadenosine
triphosphate. The sequencing reaction products were separated electrophoretically in 8% acrylamide/7 M urea gels for 2 and 4 hr at 60 W in a BRL sequencing apparatus. After fixing, gels were dried and exposed to film for 48 hr.
Phylogenetic Analysis and Population Structure. Based on the 42 phylogenetically informative sites, genealogical relationships among mtDNA types were estimated with maximum-parsimony algorithms in the computer package PAUP 3.0 (17) , in which the number of inferred substitutions is minimized. A consensus-sequence for the homologous segments of three Turnstones (A. interpres) was used as an outgroup to root the tree because it is only 12.7% divergent from the Dunlin sequences. To guard against suboptimal solutions dictated by the input order of the types in a heuristic search (18, 19) , we used the random addition sequence with tree-bisection reconnection branch swapping. Fifteen replicates were run, but all resulted in the same set of 20 trees of 96 steps. A strict consensus tree was computed to synthesize information in the 20 equally parsimonious trees. Based on the phylogeographic groupings thus identified, we assessed population structure in Dunlins with Gsr, the ratio of the among-region genetic diversity to the genetic diversity in the total sample (20) . We also used a measure of mutational divergence (y) that is appropriate for sequences with high mutation rates (21) .
RESULTS
Variation in Control Region and Cytochrome b. As in mammals (6, 22, 23) , the control region of the Dunlin is highly variable, and much of this variation is concentrated in two hypervariable segments located on either side of a central conserved sequence block. Thirty of the 42 variable sites in the two hypervariable segments are located in control region I, near the beginning of the control region. Relative to the reference sequence (ALA1), there are a total of 33 substitutions in this region, of which 27 are transitions and 6 are transversions. Control region II also harbors considerable site polymorphism, with 12 variable sites among the 73 birds we sequenced (Fig. 1) . Eight of 10 substitutions are transitions, two are transversions, and there are also two deletions/insertions. Between control region I and the hypervariable part of control region II there is a highly conserved sequence block of 250 bases. Thirty-three types of mtDNA were identified in the total sample with the sequence variants in the two hypervariable segments of the control region.
The much more slowly evolving segment of the cytochrome b gene detected variation at only eight sites. Ten types of mtDNA were identified in the total sample of birds with this gene segment. Eight of these types were associated with the control-region types, and when the total 910 bp of sequence for the control region and cytochrome b were consideredjointly, 35 mtDNA types were distinguished in the 73 Dunlins. All substitutions in the cytochrome b segment were transitions.
Phylogeographic Analysis. Because some of the birds analyzed in this study were captured on migration or at wintering sites where flocks are potentially of different genetic stocks or subspecies, it was necessary to construct a genealogical tree relating the 35 types of mtDNA. A strict consensus tree of the 20 maximum parsimony trees from PAUP is shown in Fig. 2 . Five major phylogeographic clusters of mtDNA types are evident. Cluster I groups together the four types found in all eight Alaskan birds (presumably breeding birds) and six nonbreeding birds from Washington (n = 2) and California (n = 4), cluster II is composed of three types from nonbreeders in Washington (n = 2) and California (n = 1), cluster III includes all types from the breeding adults in the Taymyr Peninsula in Russia (n = 13) as well as two breeding birds with types TAY1 and TAY2 from the Hardangervidda tundra of southern Norway (see Fig. 1 ), cluster IV groups all the remaining types from birds that either breed, stage, or winter in western Europe together with one breeding bird from the Taymyr Peninsula (NOR4), and cluster V is composed of types from nonbreeding birds wintering in Texas and Florida. The latter are characterized by the most substitutions relative to the reference sequence (see Fig. 1 not been subject to the extreme reductions in size in the Pleistocene that affected many other species of shorebirds (26, 27) .
The degree of population subdivision in the Dunlin estimated with GST is greatest for the least-variable mtDNA segments (cytochrome b and control region II) and is much smaller for the hypervariable control region I and all segments together (Table 2 ). This result is counterintuitive because the control-region I segments are fixed for different types in all but the Taymyr and western Europe populations. Such artifacts commonly arise when rates of mutation are high (28, 29) and result in high within-population diversity, as in the control region of mtDNA. This problem can be circumvented with a measure of mutational divergence (y) (21) , which is based on the ratio of the probability of identity of sequence variants among populations relative to that within populations. Under an island model of population structure, y approximates the ratio between mutation and migration rates. As mutation rates increase, y will increase because most sequence variants will occur in single populations (private alleles) or be confined to a subset ofthem unless migration rates are exceptionally high. In the Dunlin, y increases from the more conserved cytochrome b segment through the more variable control-region segments and is greatest for all segments combined (Table 2 ). These very high values reflect the near fixation of different sequence variants in each population and, more importantly, provide evidence of limited gene flow among population mtDNA gene pools.
Correlation of mtDNA and Morphometric Variation. Based on the means of the lengths of the wing, tail, tarsus, bill, and white vane as well as tarsus width in ref. 8 , we estimated the amount of morphological divergence (average taxonomic distance) among the populations identified in the genealogical tree in Fig. 2 . For the Alaska population (I) we used morphometric data for locality 14 (southern Alaska) in ref. 8 , for the North American West Coast population (II) we used data for locality 15 (northern Alaska), for the Taymyr population (III), we used data for localities 11 and 12 (western Siberia), for western Europe (IV), we used data for localities 2-5 and 8-9 (Iceland, Great Britain, and southern Scandinavia), and for the population of birds wintering on the Gulf coast of the United States (V) we used data for localities 16 and 17 (Hudson Bay). Mantel's test (30) gave a matrix correlation of r = -0.365 (P = 0.101) between the morphological distance matrix and the among-population genetic distance 6A, corrected for within-population variation (24) . The negative correlation is induced primarily by the large mtDNA divergence of the Gulf coast population from other North American populations they closely resemble morphometrically. There is no tendency for morphological and mtDNA divergence to be correlated among the populations in our study. (25) , it is possible to construct an approximate time frame for the splitting of the different populations identified in Fig. 1 Phylogeography of Dunlins. Similar population structuring of mtDNA in Canada geese breeding in arctic latitudes in North America has been attributed to geographic fragmentation in arctic glacial refugia coupled with high breeding-site philopatry in females (11, 31, 32 Coast wintering birds are derived from the isolation of populations in the vast Beringian refugium but at much earlier time scale than envisioned by Greenwood (8) .
The only other study that approaches ours in the geographic scope of mtDNA variation is that of Ball et al. (34) , who surveyed restriction fragment length polymorphisms in 127 red-winged blackbirds (Agelatus phoeniceus) sampled across North America. They attributed the wide geographic distribution of mtDNA types and lack of population subdivision to homogenizing gene flow in a highly vagile species. Furthermore, they hypothesized that the magnitude of phylogeographic structure in mtDNA within species of vertebrates was negatively correlated with their respective dispersal capabilities. A caveat suggested by our work on Dunlins is that relatively recently evolved population subdivision in species with high dispersal power can only be detected with rapidly evolving DNA sequences, and thus caution should be exercised in generalizing about the effects of dispersal power on population structure. Strong philopatry to breeding sites and high mutation rates can accumulate genetic variants within populations and prevent or retard their spread to other populations. For neutral genes the amount of realized gene flow rather than dispersal capability per se is the critical parameter in determining population structure. The only gene flow we detected in Dunlins was between neighboring populations centered in Norway and central Siberia, and this may reflect recent contact of these expanding populations rather than a breakdown of local philopatry via long-distance dispersal. Additionally, two of the three migrants were males, and thus the actual level of gene flow in maternally transmitted mtDNA is much lower than that predicted from the number of migrants exchanged between populations. We conclude that current levels ofgene flow in the Dunlin are insufficient to overcome the effects of high mutation rates and historical subdivision.
